Introduction 53
Crop yield is severely constrained by environmental stress factors resulting in a gap between 54 the yield potential and the actual yield. The yield gap is predicted to increase in the future due 55 to climate change and due to increasing temperature and extended phases of moderate to 56 severe drought in particular [1] [2] [3] [4] . Understanding the tolerance and protection mechanisms of To investigate the potential role of GSH in the response of Arabidopsis plants to moderate 133 water deficit in more detail, we extended the allelic series of GSH-deficient mutants used by 134 Schnaubelt et al. [22, 33] by the latest additions, namely the mutants nrc1 [19] and zir1 [20] of 135 which the latter is particularly interesting given its reported dwarf phenotype. Wild-type 136 plants and all mutants were compared side-by-side for their growth and drought tolerance by 137 using advanced non-invasive high-throughput shoot phenotyping enabling continuous 138 recording of growth responses. We demonstrate that GSH-deficient mutants display 139 diminished growth that is more severe in low GSH mutants, while even in mutants with 140 pronounced growth deficits the decrease in GSH does not negatively impact on tolerance to 141 moderate drought treatment. Shoot growth was analyzed automatically by using the GROWSCREEN FLUORO setup 184 described earlier [36, 37] . Seeds of WT and all gsh1 mutant lines were stratified for 3 days at 4 185°C in the dark and then placed in pots individually. Subsequently seeds were germinated and 186 on day seven after germination seedlings with similar size were transferred into larger pots (7 187
x 7 x 8 cm) and randomized on trays with 30 plants on each tray. In exceptional cases plants For drought stress experiments the plants were split into two subpopulations of which the first 204 population was well-watered throughout the experiment while the second population was 205 exposed to drought from day 24 onwards until growth ceased on day 37. Subsequently plants 206 were again watered to a soil water content of about 40 % and allowed to recover. All plants 207 were harvested after 44 days to determine fresh and dry weight. To investigate the impact of osmotic challenge on Arabidopsis plants, we initially grew 236 seedlings expressing the E GSH -sensor Grx1-roGFP2 in the cytosol on 300 mM mannitol to 237 mimic severe drought stress. In addition to wild-type seedlings, the effect of mannitol on 238 E GSH was also studied in gr1 mutants deficient in cytosolic GR because impaired reduction 239 capacity for GSSG renders the glutathione pool more sensitive to stress-induced oxidation 240 [10] . While the 405/488-nm fluorescence ratio for Grx1-roGFP2 in wild-type root tips was 241 close to values for full reduction measured after incubation with DTT, the readout for the 242 cytosol of gr1 roots was significantly higher with intermediate ratios between full reduction 243 and full oxidation of the sensor ( Fig 1A) . From these measurements cytosolic redox potentials of about -310 mV in the wild-type and close to the midpoint of the sensor at -280 mV for gr1 245 can be deduced. In both cases, for wild-type and gr1 seedlings, treatment with 300 mM 246 mannitol did not cause significant changes in the fluorescence ratio during the first 16 h. This 247 indicates that within this time window the seedlings were still fully capable of maintaining 248 their thiol redox homeostasis in the cytosol. In contrast to this observation, continuous growth 249 on 300 mM mannitol for 5 days caused a pronounced ratio shift in wild-type and gr1 root tips. Soil-grown GSH-deficient mutants display growth phenotypes but 294 are insensitive to moderate water deficit 295 To study the relationship between glutathione content and biomass gain under drought, we 296 analyzed the growth of gsh1 mutants and wild-type in a sub-lethal drought stress assay. A 297 large population of soil-grown plants was separated into two sub-populations of which one 298 was used as a well-watered control group while the second was exposed to drought stress until growth period no distinct growth phenotype could be observed for cad2 (Figs 3B and 5C ).
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The glutathione-deficient mutants rax1, pad2 and nrc1 were consistently smaller than wild-305 type plants by up to 30 % at the end of the 6-week growth period (Figs 3B and 5C ). Growth 306 retardation was apparent already on day 22 after sowing ( Fig 5A) . In contrast to mutants with 307 intermediate levels of GSH, zir1 showed a distinct dwarf phenotype with only 19 % of the 308 wild-type biomass. their ability to withstand moderate water deficit ( Fig 5G) . gradually decreased from 28 % d -1 at the start of the recordings on day 16 after sowing to 12 360 % d -1 at the end of the growth period ( Fig 6A) . Over the entire growth period no obvious 361 deviations in RGR Shoot were apparent between the wild-type and the different gsh1 mutants 362 with intermediated GSH content. For zir1 RGR Shoot showed a similar decrease over time, but 363 there were a few intermittent days with significantly lower RGR Shoot than in all other plants 364 (Fig 6A) . In the drought-stressed population RGR Shoot decreased significantly faster during the 365 growth period approaching zero after 13 days of water withdrawal (Fig 6B and 6C) . The 366 drought stress period started by chance during a phase when zir1 already showed particularly 367 low values for RGR Shoot in the control population ( Fig 6A and 6B) . From this point onwards 368 RGR Shoot was consistently lower in zir1 compared to all other lines for almost the entire 369 drought period ( Fig 6B) . Immediately after re-watering on day 37 the RGR Shoot increased to 370 peak values of about 20 % d -1 on day 41 and subsequent decline to values of about 15 % d -1 on day 43 for all lines including zir1. After re-watering, the glutathione-deficient mutants 372 even showed a tendency of faster growth compared to wild-type plants (Fig 6B and 6C) . . 422 Phenotypic comparison showed that growth of all mutants except cad2 was impaired albeit to 423 different degrees. zir1 mutants were significantly smaller than all others. Comparison of our 424 results with findings from earlier reports on individual mutants or side-by-side comparison of 425 a subset of mutants revealed some pronounced differences. While Schnaubelt et al. [22] 426 reported 14-day-old shoots of rax1, pad2 and cad2 to be significantly smaller than wild-type 427 shoots, the original reports on the initial characterization of cad2, rax1, and pad2 all found no 
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A possible explanation for the lack of a linear correlation between glutathione content and 438 growth may be that the available mutants originate from different EMS-treated populations 439 that were screened for sensitivities to different stress factors. This implies that, despite several 440 rounds of backcrossing, the mutants may still contain additional cryptic mutations that are not 441 linked to glutathione homeostasis. Such mutations may affect growth properties in a 442 pleiotropic way similar to recent findings on ascorbate-deficient mutants [39] . In any case, 443 this further emphasizes the added value of investigating several allelic mutants with slight 444 deviations in GSH particularly in the low GSH range side-by-side. 445 The lower threshold for maintaining a wild-type-like phenotype is clearly passed in the zir1 446 mutant resulting in pronounced dwarfism [20] . Glutathione is a key metabolite with essential 447 functions in detoxification, cellular redox homeostasis and as a co-factor [5, 40] . GSH is a co-448 factor in detoxification of methylglyoxal [41] and Fe-S cluster transfer by glutaredoxins [42] . 449 In addition, GSH acts as a S-donor in glucosinolate biosynthesis as well as a co-substrate of were not designed to answer questions on which molecular processes are impaired, the results 458 nevertheless indicate that a certain threshold of GSH depletion needs to be reached before 459 growth is impaired. Below this threshold the developmental phenotype is strongly dependent 460 on the GSH concentrations as evidenced by the zir1 mutant but also the rml1 mutant, which 461 has less than 5 % GSH and arrests in growth after germination [21] . The availability of at 462 least one viable mutant with low GSH, which shows already strong and consistent growth 463 impairment, appears particularly useful to further test hypotheses regarding a causal link 464 between GSH content and stress sensitivity. systematic approach rather indicates that soil-grown Arabidopsis plants exposed to moderate 491 water deficit generally respond with a gradual decline in growth but no signs of wilting at the 492 point of complete growth arrest. This response is not affected by the GSH content. This is 493 even true when GSH is down to 21 % of wild-type levels, which causes severe growth retardation in zir1 under non-stress conditions. Direct comparison of wild-type plants and 495 mutants with GSH levels of 62 to 21 % compared to wild-type all have similar specific leaf 496 areas, i.e. PLA/DW ratios, irrespective of whether plants had been grown under control 497 conditions or exposed to drought stress (Fig. 5) . A temporary phase of moderate water deficit 498 caused by lack of water supply for 13 days led to a pronounced decrease in growth, but even a 499 slight increase in the specific leaf area. This result indicates that plants that experienced 500 temporary water deficit subsequently grew slightly faster than well-watered control plants. 501 Re-growth after rewatering has been accounted for by cell expansion resulting in actual 502 growth and not only a reversible change due to increased turgor [53] . Interestingly, plants 503 exposed to mild drought stress have been observed to accumulate sugars and starch [54] . This 504 may contribute to a quick restart of growth after re-watering in all lines including zir1. 505 Important in this context is the observation that the linearity for the specific leaf area across 506 all mutants and the wild-type is maintained, which indicates that even the very low 507 glutathione mutant zir1 did not get severely damaged during the stress treatment. 
